Rutting Models for Asphaltic Concrete and Dense-Graded Aggregate from Repeated-Load Tests by Allen, David L. & Deen, Robert C.
Research Report 
538 
RUTTING MODELS FOR ASPHALTIC CONCRETE 
AND DENSE-GRADED AGGREGATE FROM 
REPEATED-LOAD TESTS 
by 
David L. Allen 
Research Engineer Chief 
and 
Robert C. Deen 
Assistant Director 
Division of Research 
Bureau of Highways 
DEPARTMENT OF TRANSPORTATION 
Commonwealth of Kentucky 
1980 Annual Meeting of 
The Association of Asphalt 
Paving Technologists 
Louisville, Kentucky 
January 1980 
' 
Technical Report Documentation Page 
1. Report No. 2. Government Accession No, 3, Recipient's Catolog No. 
-
' 
4. Title and Subtitle 5. Report Pole 
Rutting Models for Asphaltic Concrete and Dense-Graded Aggregate from 
January 1980 
6. Performing Organi zotion Code 
Repeated-Load Tests 
8. Performing Organization Report No. 
7. Author(s) 
David L. Allen and Robert C. Deen 538 
9. Performing Organization Name and Address 10. Work Unit No. (TRAIS) 
Division of Research 
Kentucky Department of Transportation 11. Contract or Grant No. 
533 South limestone KYHPR-72-72 
Lexington, KY 40508 13, Type of Report and Period Covered 
12. Sponsoring Agency Name and Address 
Interim 
14. Sponsoring Agency Code 
15. Supplementary Notes 
Prepared in cooperation with the US Department of Transportation, Federal Highway Administration 
Study Title: Determination of Flexible Pavement Rutting Behavior 
16. Abstract 
The development of models to predict rutting in the asphaltic concrete and dense-graded aggregate layers 
of flexible pavements is reported. The models were developed from data obtained from repeated-load triaxial tests. 
Details of equipment and methodology are reported. 
An asphaltic concrete base mixture was tested at temperatures of 45 F, 77 F, and 100 F. Longitudinal stress 
levels of 20 psi, 50 psi, and 80 psi were used. The tests were performed unconfined. Most of tbe specimens were 
tested to I 0,000 cycles of loading. Three sequences of loading were used. 
It is noted tbat temperature and stress level are extremely important in determining the magnitude of perma-
nent deformation. However, tbe slopes of plots of permanent strain against number of stress repetitions appear to 
be largely unaffected by these two variables. 
All tbe dense-graded aggregate specimens were compacted at optimum moisture content (4.7 percent) 
determined from AASHTO T-180. A number of the specimens were allowed to air dry until a moisture content of 
approximately two percent was reached. The specimens were then tested in that condition. One group of specimens 
was tested at optimum conditions; a !bird group was tested at conditions "wetter" than optimum. Longitudinal 
stress levels of 10 psi, 20 psi, and 30 psi were used. Confining pressures ranged from 5 to 15 psi. All specimens were 
loaded for 1,000 cycles. Each load cycle produced greater permanent deformation in the wetter specimens than in 
tbe drier ones. However, the magnitude of tbe initial load cycle decreased with increasing moisture content. 
The two models described in this paper are to be used in tandem to predict rutting for flexible pavement at 
particular sites after developing the traffic and environmental histories for those sites. 
17 0 Key Words 18, Distribution Statement 
Rutting 
Asphaltic Concrete 
Dense-Graded Aggregate 
Repeated-Load Tests 
19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No, of Pag
es 22. Price 
Unclassified Unclassified 
Form DOT F 1700.7 <B-72l Reproduction of completed page authorized 
.INTRODUCTION 
The behavior of asphalt-bound and unbound aggregate 
bases can be affected by such variables as gradation, 
asphalt and(or) moisture content, type of aggregate, 
density, method of compaction, temperature, magnitude and 
frequency of loading, duration of each load cycle, and other 
less significant variables. The complex interaction of 
these variables will yield a composite behavior for a 
particular pavement structure that could become manifest in 
some form of distress or even complete "failure." 
This study was concerned with the rutting •ode of 
failure. An asphaltic concrete base and a dense-graded 
aggregate were tested in the laboratory to determine their 
susceptibility to rutting. Models were developed from the 
data to predict and define their behavior. 
A study was made to determine the range 
conditions these materials will undergo. 
of in-service 
Also, a 
sensitivity analysis was performed to determine the most 
critical parameters. However, the effects of density and 
gradation were not studied because of the large volume of 
testing that would have been required. 
Because of equipment limitations, the asphaltic concrete 
base was not tested at a temperature as high as would have 
been preferred and, in addition, tension tests were not run 
on the materials. Because of 
models that were developed 
this latter limitation, the 
consider only compressive 
I 
stresses. It is expected, therefore, that these models 
underpredict layer thinning by a small amount because of the 
neglect of tensile stresses present in the bottom of the 
pavement layers. 
In an attempt to separate the amount of compression in 
the asphalt-bound layer from that occurring in the dense-
graded aggregate and subgrade, gages were developed and 
installed in two field locations. These gages measure the 
compression at the asphalt-dense-graded aggregate interface 
and the dense-graded aggregate-subgrade interface. The 
gages will be used to verify the predictions of the 
laboratory models. However, the development, installation, 
and operation of these gages will not be discussed in this 
paper. 
EQUIPMENT 
The basic repeated-load apparatus (Model s·ro-1000) was 
purchased from structural Behavior Engineering Laboratories 
in Phoenix, Arizona. Th.e' unit is capa.llle of loading to 5.56 
kN (1,250 lb), Load intensity, dtir at ion, and freguenc y can 
be varied. Load and unload times are continuously variable 
from 0.03 to 10 seconds. Deflections were measured by two 
LVDT's· mounted on opposite sides of the specimen and were. 
recorded on a dual channel oscillographic recorder. Loads 
were moni tared by a bonded stra.i,n -gage transducer having a 
maximum capacity of 13.35 kN {3,000 lb) and were also 
reco.rded on an oscillographic recorder. Specimens were 
tested in a modified Karol-Warner triaxial chamber (Model KW 
54 TC) • 
For temperature control, the triaxial chamber was fitted 
with a copper heating coil. Water from a constant 
temperature bath was circulated through the coil heating (or 
cooling) the confining fluid and the specimen. An ~STM 
thermometer was mounted on the specimen to measure its 
temper at ure. Figure 1 is a photograph of the repeated-load 
equipment without the temperature control apparatus. 
ASPHALT CONCRETE BASE 
fii!l~£g_~h~I~£!g£i2ii£§_~Qg_~~lh212!QJY 
The mixture contained crushed limestone aggregate and 
5.2 percent asphalt cement {AC 20). The gradation of the 
aggregate is shown in Figure 2. Specimens were co~pacted in 
a split mold having a double plunger (top and bot tom) • The 
material was reheated to 11>9°C (300°F), and the proper 
quantity of matetial was weighed into the heated mold. The 
material was staticaly compressed under a 22.25-kN 
{5,000-lb) force for 2.5 minutes. The aver:age height and 
diameter of the specimens were 76 mm (3.0 in.) and 51 mm 
(2.0 in.}, respectively. The size of the specimens was 
limited by the space available in the test chamber. The 
average specimen density was 2,208 kg/rn' (138 lb/ft 3 ). 
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Twenty-seven repeated-load 
determine the susceptibility of 
tests were performed to 
the mixture to deforma~ion. 
The tests were run at three temperatures: 7°C (45°F), 25°C 
(170F), and JSOC (100°F). Each specimen was allowed to 
become acclimated to the test temperature foJ: a minimum of 
16 houJ:s befoJ:e testing. Three deviator stresses were used 
at each temperature: 
and 138 .kPa (20 psi). 
551 kPa (80 psi), 31!5 k Pa (50 psi) , 
(0.5, 1.0, 
stress. 
In addition, three loading times 
and 2.0 seconds) were used at each deviator 
Prelimina~:y testing for this study indicated that, after 
the load was removed from the specimen, most of the 
relaxation (approximately 90 to 95 percent) occu~:red within 
1 second. Therefore, relaxation time between loads for all 
27 tests was 1 second. Also, sensitivity analyses on 
preliminary tests indicated that J:Utting was less sensitive 
to confining st~:ess than to the otheJ: test variables, and 
the apparent differences due to confining stress we~:e well 
within the J:ange of experimental error (see Figure 3). 
Consequently, the 27 tests used in the analyses were run 
unconfined. 
A!U!lYS~§_ 
Figure q shows the results o[ the repeated-load tests. 
The data indicated that samples at the same temperature and 
under the same deviator stress will have the same amount of 
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permanent deformation, assuming the J:.Q.tl!! loading times are 
equivalent. For example, one sample could receive 10 cycles 
of a 551-kPa (80-psi) stress where each cycle had a load 
duration of 1.0 second. This would give a total loading 
time of 10 seconds. A second sample could receive 20 cycles 
of the same stress for 0.5 seconds per cycle and also have a 
total loading time of 10 seconds. Therefore, their 
permanent de.formations would be equal. This relationship is 
illustrated in Figure 5. To simplify the analyses, it was 
assumed that this relationship was valid for the loading 
times used in this study. For this reason, only the data 
from the tests that had load durations of 1.0 second are 
shown in Figure 4. In Figure 4, the data for the test at 
and 138-kPa (20-psi) deviator stress are not 
shown because of equipment malfunction during the test. 
It is evident from the data presented in Figure 4 that 
the relationship between the first load cycle and any 
subsequent cycle is . simply a function of the number of 
cycles applied and is independent of temperature and stress 
(form and slope of all the curves are similar). A linear 
regression analysis was performed on the data from each 
test, and in every case, the following "best-fit" third-
degree polynomial resulted: 
log Ep = CO + C1 (log N) - C2 (log N) 2 + C3 (log N)3 (JI 
in which Ep = permanent strain (axial), 
N = number of deviator stress repititions, and 
CO, C1, C2, and C3 = regression constants. 
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Because of the form and slope of the permanent strain-versus-
stress repetitions curves were very similar, the regression 
constants C1, C2, and C3 were averaged for all the tests. The 
mean values were C1 = 0.63974, C2 = 0.10392, and C3 = 0.00938. 
This equation is similar to one reported by McLean and 
Monismitht; however, the form of the function representing co 
differs considerably from theirs. 
It is evident from the data that co is the only constant 
dependent upon temperature and stress. To determine the form 
of this interdependency, co from each test was plotted as shown 
in Figure 6. The relationship between stress and CO, on a 
"log-log" plot, appeared to be linear. Therefore, the 
logarithmic slopes of the lines in Figure 6 were plotted as a 
function of temperature as illustrated in Figure 7. A 
regression analysis of the data plotted in Figure 7 yielded the 
following relationship: 
ds/dt = 1.46 - 0.00572 T 
in which ds/dt - logarithmic slope of CO versus deviator stress 
curves and 
T = temperature (°F). 
Also, if the curves in Figure 6 are extrapolated to a 
deviator stress of 6.89 kPa (1 psi) and those intersection 
values, b, are plotted as a function of temperature, Figure 8 
results. A regression analysis performed· on these data 
indicated that the logarithm of the intersection values varied 
with temperature according to following equation: 
(2) 
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db/dT = -0.000663 T2 + O. 1521 T - 13.304. 
' If Equations 2 and 3 are combined, the form of· CO can be 
determined: 
CO = db/dT + [ (ds/dT) log o-1 ] (4) 
in which o-1 =deviator stress (psi), or 
CO = [-0.000663 TZ + 0. 1521 T - 13.304] t-
[(1.46- 0.00527 T) logo- 1 ]. (51 
substituting the values of the regression constants CO, C1, C2, 
and C3 into Equation 1 will describe the permanent deformation 
of the mixture as a function of deviator stress, temperature, 
and number of deviator stress repetitions. 
DENSE GRADED AGGREGATE 
The dense-graded aggregate was composed of crtJshed 
limestone; the gradation is shown in FigtJre 9. To prepare 
samples at various moisture contents, it was necessary to 
determine the moisture-density relationship according to AASHTO 
Standard T-180. The maximum dry density was 2, 403 kg/m3 (150 
lb/ft3); the optimum moisture content was 4.7 percent. 
All test specimens were compacted in a split mold at 
optimum moisture content. The specimens were 76.2 mm (3. 0 in.) 
in height by 50.8 mm (2.0 in.) in diameter. Three moisture 
contents (1.7, 3.6, and 5.3 percent) were used in the testing 
program. Specimens that were to be tested at moisture contents 
7 
less than optimum were air dried and weighed periodically ~ntil 
the desired moist~re content was reached. Specimens tested at 
moisture contents higher than optimum were placed in the test 
c.hamber immediately after compaction. Attempts were then made 
to "de-air" the "wet" samples and to increase the degree of 
saturation by drawing water into the specimen thro~gh pore-
pressure lines located at the base of the specimen. 
Several creep tests were attempted on the dense-graded 
aggregate. There was a tremendous amount of scatter in the 
,e~ 
data, and no trends were apparent. This, appar~ntly, agrees 
with statements by othersz 3 • that, for load durations and 
stresses typical of those experienced in-service, time-
dependent effects during each load application do not appear to 
be significant. Although time or creep effects are not 
observed, some permanant deformation does occur with each load 
application. Also, otherss have shown the response of dense-
graded aggregate to be highly dependent on the state of stress. 
Consequently, a nonlinear elastic-plastic representation of 
behavior would appear to be appropriate. Therefore, the most 
important properties to be determined would be the elastic 
constitutive properties and the susceptibility to permanent 
deformation. 
The test most often used to determine these properties is 
the repeated-load axial test. In this study, 27 axially 
repeated-load tests were performed. They were run at confining 
pressures of 34 kPa (5 psi), 69 kPa {10 psi), and 103 kPa (15 
8 
psi). In addition, at each confining pressure, deviatoi: 
sti:esses of 69 kPa {10 psi), 138 kPa (20 psi), and 207 kPa (30 
psi) were used. The samples we1:e run unconsolidated-undrained 
and, of course, partially saturated, Because time effects were 
not considered significant, ony one patter:n of loading and 
unloading was attempted foi: all tests. The load was on for 1 
second and off foi: 1 second, 
A!l!!l.Y2~!?. 
The results of the I:epeated-load tests are shown in Figures 
10 through 12. It is interesting to note that the logarithmic 
slopes of the data increase with increasing moisture content or 
degree of saturation. This I:elationship was expect.ed; however, 
the magnitude of sti:ain pel: cycle in the initial and early load 
cycles dec~:eased with increasing moisture content. This was 
not expected. It appeared, ho~ever, that there was some pore-
pressure build-up during the test in the "wetter" specimens. 
This residual pore pressure would (at shoi:t loading times) 
resist compression of the intei:particle poi:es, making the 
sample appear more elastic in the ea~:ly cycles of the test. 
However, the rate of accumulation of permanent defoi:mation from 
cycle to cycle was greater foi: the "wetter" specimens {steeper 
slope), possibly because of the "lub~:icating" effect of the 
pore fluid. 
The data for each test were analyzed using a least-squares 
regression analysis to obtain a "best-fit" function for that 
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particular test. In most cases, an equation with the following 
form appeared to the best approximation: 
log €p = CO + C 1 {log N) 
in which Ep = permanent strain (axial) , 
N = number of deviator stress repetitions, and 
CO and C1 = regression constants. 
Figures 10 through 12 indicate that, in a total-stress 
analysis, C1 (logarithmic slope of the lines) is dependent on 
moisture content, W, and confining pr:essure, a- 3 • When the 
values of C1 were plotted as a function of these two variables 
and a regression analysis run on the results (similar to the 
procedures used to develop Equation 5), the equation governing 
the magnitude of C1 r:esulted: 
C1 = [exp{-1.699 + 0.2478 W)]-
(6) 
[exp{-4.1739 + 0.4102 W) (a-3 ) J {7) 
in which W = moisture content (percent) and 
a-3 = confining pressure (psi). 
In a similar manner, CO, which is a function of moisture 
content, confining pressure, and deviator stress, can be 
defined as follows: 
co= {[-3.27577- 0.00042 (exp 0.63 W)] + 
[0.02356 + 0.0000265 (exp 0.565 W)] a-1 }-
{(0.071 W) (log 0"3 11 
Substituting Equations 7 and 8 into Equation 6 will yield the 
estimated permanent deformation of the dense-graded aggregate 
as a function of any unique set of the independent test 
variables. 
(8) 
lO 
RUT-DEPTH PREDICTIONS 
In-depth analyses and comparisons of rut depths predicted 
by these models with actual ruts measured from in-service 
pavements have not been made. However, preliminary comparisons 
have been made and are briefly described for two full-depth 
asphaltic concrete pavements. 
Both pavements were approximately 432 mm (17 in.) in 
thickness. The pavements were divided into discrete layers and 
the CHEVRON computer prog.ram was used to predict stresses for 
an 80-kN (18-kip) axleload {one EAL). All traffic data were 
converted to EAL's, and the speeds were estimated in an attempt 
to determine the number of repetitions of stress and the 
duration of loading. A typical temperature distribution for an 
average summer day was arbitrarily chosen. This information 
was then used in conjunction with Equation 1 to predict the 
accumulated deformation for each discrete asphaltic concrete 
layer. The total rut depth for the pavement was simply the sum 
of the accumulated deformation of all the layers in the 
pavement. 
It site No. 1, Equation 1 predicted a rut depth of 40.6 mm 
(1.6 in.) to 48.3 mm (1.9 in.), depending on the estimated 
speed used in the analysis. 
site was 44. 5 mm ( 1.75 in.). 
The measured rut depth at that 
Equation 1 predicted a rut depth 
of 31.8 mm (1.25 in.) at Site No. 2, and the measured rut depth 
was29.2mm (1.15in.). 
ll 
The subg~ade at both sites was c~ushed stone. At the fi~st 
site, the g~adation appeared to be similar to a dense-g~aded 
agg~egate. Although a pa~ticle-size analysis was not ~un on 
the material, Equation 6 was used to predict a rut depth fo~ 
the subg~ade. The predicted ~ut was 1.5 mm (0.06 in.). 
Howeve~. in the field, no ~utting could be detected. An 
analysis was not made on the subgrade a.t Site No. 2. 
CONCLUSIONS 
1. The relationship between the loga~.ithm of pe~manent strain 
and the logarithm of the number of load cycles for asphaltic 
concrete base may be described by a third-degree polynomial. 
2. The deformations of the dense-graded aggregate are not 
significantly time-dependent. 
3. Apparently, the most influential facto~ 
relationship between permanent strain and 
cycles, for dense-q-r:aded aggregate, is 
moisture present. 
affecting the 
number of load 
the quantity of 
4. The model for asphaltic concrete developed in this study 
appeared to provide a reasonable estimate of rut depths for 
the two in-service pavements analyzed. 
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Figure l. Repeated-Load Apparatus. 
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Figure I 0. Relationship between Permanent Strain and 
Number of Deviator Stress Repetitions (Load 
Cycles) for Dense-Graded Aggregate, Moisture 
Content "" 1.7 Percent. 
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Figure II. Relationship between Permanent Strain and 
Number of Deviator Stress Repetitions (Load 
Cycles) for Dense-Graded Aggregate, Moisture 
Content "' 5.3 Percent. 22 
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Figure 12. Relationship between Pennanent Strain and 
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Content"' 3.6 Percent. 23 
